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Background {#Sec2}
==========

Soil-transmitted helminths (STHs: *Ascaris lumbricoides*, *Trichuris trichiura*, and hookworms) are some of the most common parasites that infect humans \[[@CR1]--[@CR3]\]. Fortunately, these parasites can be readily treated using single-dose, safe, and often donated benzimidazole drugs, including albendazole and mebendazole. Children, however, are at a higher risk of becoming reinfected rapidly and previous studies have suggested that children with higher infection intensities at baseline also reacquire worms at higher rates \[[@CR4]--[@CR7]\].

The impact of treatment against STHs depends on a variety of factors, including therapeutic efficacy of drugs against individual species \[[@CR8]\], the frequency at which treatment is given \[[@CR9]\], individual host factors \[[@CR10]--[@CR13]\], and the underlying intensity of parasite transmission \[[@CR14]\]. In turn, the intensity of transmission is influenced by factors acting within and outside the host (see Fig. [1](#Fig1){ref-type="fig"}), including environmental conditions that influence the survival and development of STH free-living stages \[[@CR1], [@CR3]\] and socioeconomic factors, such as access to water and hygiene sanitation (WASH), which influence rates of exposure to infective stages.Fig. 1Analytical framework. Overall distribution and occurrence of STHs are influenced by environmental factors that ensure the survival of infectious stages. Factors in the immediate environment where children live (both at the household and school levels) also influence rate of STH infection and reinfection. Intrinsic factors such as nutritional status, age, and sex-related behaviours play a role in infections. Having an initial STH infection predisposes a child to having another infection

In an effort to further understand the factors that determine the effectiveness of anthelmintic treatment, we conducted a secondary analysis of data from an individually randomized trial, which had the primary purpose of investigating whether anthelminthic treatment altered the risk of malaria infection among Kenyan school children \[[@CR15]\]. Recruited children were randomized to receive either repeated (every 4 months) treatment or a single annual treatment, and were followed longitudinally for 15 months. At final follow-up, it was found that 6% of children in the 4-monthly treatment group were still infected with either hookworm or *A. lumbricoides* infection despite receiving up to four rounds of albendazole treatment. Motivated by this observation, the aims of the present analysis were to (i) quantify the impact of repeated versus single annual treatment on levels of hookworm and *A. lumbricoides* infection, (ii) investigate any evidence for predisposition to infection among repeatedly treated children, and (iii) identify factors associated with residual infections at the 15-month follow-up point.

Methods {#Sec3}
=======

Study design and procedures {#Sec4}
---------------------------

Full details of the study population, design, and outcomes were previously described Kephaet al. \[[@CR15]\]. The trial was conducted in 23 purposively selected schools between January 2013 and October 2014 in Bumula District, Bungoma County, Western Kenya. All children in classes 1--6 (typically aged 5--15 years) with informed consent from a parent or legal guardian were asked to provide a single stool sample, which was examined in duplicate for the presence of hookworm, *A. lumbricoides*, and *T. trichiura* eggs using the Kato-Katz method.

The trial originally recruited 1 505 children with detectable STH infections and 841 uninfected children \[[@CR15]\]. Enrolled children were randomly assigned to one of two treatment groups, either (i) a single dose of 400mg albendazole (Zentel®, GlaxoSmithKline South Africa, Cape Town) at baseline and a single 250mg dose of vitamin C (Cosmos Limited, Nairobi) at 4, 8, and 12 months, or (ii) a single dose of 400mg albendazole every 4 months for 12 months. Cross-sectional surveys investigating the participating children's infection status and intensity (egg counts) were carried out at baseline, and 7, 11, and 15 months.

Anthropometric and nutritional status data {#Sec5}
------------------------------------------

At baseline, each child's weight was measured to the nearest 0.1kg using an electronic balance, and height was measured to the nearest 0.1cm using a portable fixed base stadiometer. Hemoglobin concentration was assessed using a hemoglobin photometer (HemoCue® Hb 201^+^ System, Ångelholm, Sweden). Anthropometric indices for nutritional status at baseline included z-scores of height for age (HAZ), weight for age (WAZ), and body mass index for age (BMIZ), and were calculated using the World Health Organization (WHO) AnthroPlus software Stata macro for children aged 5--19 years \[[@CR16]\]. Age was self-reported as it was logistically difficult to collect exact birth dates, and because there were doubts over precision a mid-year age was assumed. Children were classified as stunted, underweight, or thin if their HAZ, WAZ, and BMIZ scores were below -2 standard deviations from the reference median. To investigate potential influences of assuming the mid-year age, we conducted a sensitivity analysis using the lowest and highest possible exact ages of children (e.g. 8.0 and 8.9 for the midpoint age of 8.5).

Household data {#Sec6}
--------------

At enrolment, a household questionnaire was administered to parents/guardians to collect information on the construction materials of their houses (wall, floor, and roof); sources of fuel; mobile phone ownership; and level of education of the household head. These factors were used to generate a wealth index based on a principal component analysis (PCA) \[[@CR17]\], which was then divided into two groups (poor and less poor) based on median (see Additional file [2](#MOESM2){ref-type="media"}: Table S1). Household-level access to water and sanitation was assessed by direct observation and included information on source of drinking water and presence of a pit latrine.

School data {#Sec7}
-----------

School-level data on WASH were collected by interviewing the head teacher or deputy head teacher, and by visual inspection, using questionnaires and checklists developed for a previous study in Kenya \[[@CR18]\]. Conditions of school sanitation facilities were assessed based on observed 'cleanliness' of the latrine, presence of visible feces, excessive smell, and excessive flies combined by PCA (Additional file [2](#MOESM2){ref-type="media"}: Table S1). The ratio of children per latrine was determined as an indicator for access to sanitation, and was calculated by dividing the number of enrolled children by the number of latrines available in the school. We also asked the head teacher about the source of drinking water, availability of water, and availability of soap and handwashing facilities near latrines.

School locations were mapped using a handheld eTrex 20 global positioning system (Garmin Ltd., Olathe, KS, USA). Estimates of land surface temperature, aridity index, enhanced vegetation index, elevation, and normalized difference vegetation index were determined for each school after averaging the values of covariates within 1-km catchment area. A detailed description of sources and the pre-process of environmental data are provided in Additional file [2](#MOESM2){ref-type="media"}, Section [2](#Sec2){ref-type="sec"}.

Statistical analysis {#Sec8}
--------------------

### Quantification of treatment impact {#Sec9}

The impact of repeated (4-monthly) treatment was assessed based on data from 579 children, who were infected at baseline with any STH and presented at the 15-month follow-up point. The proportions of children with hookworm, *A. lumbricoides*, and *T. trichiura* infections together with 95% confidence intervals (*CI*s) were calculated at baseline and at the 15-month follow-up point using binomial regression analysis. Clustering of infection by school was taken into account by estimating clustered robust standard errors as children in the same school may have similar risk of STH infection compared with children from different schools. Intensity of infection was measured as eggs per gram (epg) of feces, and the arithmetic mean epg with 95%*CI*s was estimated using negative binomial regression taking school clustering into account. Reductions in infection levels between baseline and the 15-month follow-up point were investigated using a mixed-effects logistic model (for infection status) and a negative binomial regression model (for intensity of infection), with the individual outcomes at the two time points treated as a repeated measures outcome and a random intercept for schools. Additionally, relative reductions were calculated as the percentage difference between the proportions of children infected, or the mean intensity at baseline and at the 15-month follow-up point.

To assess the efficacy of repeated (4-monthly) treatment in relation to a single annual treatment (as delivered through the Kenyan national deworming program), treatment success was also quantified among the single treatment group (562 children) using the same statistical methods as outlined above. To assess comparability between children in the two study arms, summary statistics were calculated for all individual, household, and school-level characteristics pertaining to the children, by treatment group. To quantify the added benefit of repeated (4-monthly) treatment compared to standard deworming, absolute differences in the proportion of residual infections at 15 months between the treatment groups were estimated together with 95% *CI*s using *prtest* in Stata. (STATA Corp, College Station, Texas, USA) This approach was chosen as, due to trial randomization, any difference in baseline infections between the treatment groups would be due to chance. Therefore, a difference in reduction over 15 months can be directly observed in residual infections.

### Predisposition to infection {#Sec10}

Predisposition to infection was investigated based on data collected from 1,141 children in the 4-monthly treatment group at baseline and at the 7-, 12-, and 15-month follow-up points. Two non-parametric rank correlation tests (Spearman's rank and Kendall's Tau) were used for the pairwise comparison of infection intensities in children in all observation rounds from baseline to the 15-month follow-up point for hookworm and *A. lumbricoides*. For both tests, we rejected the null hypothesis (absence of predisposition) if *P*-values were ≤ 0.05.

### Factors associated with residual infection following repeated treatment {#Sec11}

Residual infections assessed 3 months after the delivery of the fourth treatment dose provide an indication of either rapidly occurring reinfections or a lack of parasite clearance after treatment. The analysis was based on 579 children in the 4-monthly treatment group; outcomes were the proportion and intensities of hookworm and *A. lumbricoides* infections at the last follow-up (15 months after the baseline assessment). Risk factors associated with hookworm and *A. lumbricoides* infections at 15 months were investigated using mixed-effects regression models (logistic regression for infection status and negative binomial regression for intensity) with a random school intercept. All statistical models were adjusted for baseline individual infection (infection status for logistic regression and intensity of infection for negative binomial regression). We first investigated associations by including one covariate at a time (unadjusted analysis). Variables with significant associations (*P* ≤ 0.05, based on a likelihood ratio test) were combined into an adjusted regression model, which was then reduced to a final model using a backwards variable selection approach, eliminating one variable at a time based on the highest *P*-value and retaining only variables in which *P* ≤ 0.05 (adjusted analysis).

Ethical considerations {#Sec12}
----------------------

The study was approved by the Kenya Medical Research Institute Ethics Review Committee (SSC 2242), the London School of Hygiene and Tropical Medicine (LSHTM) Ethics Committee (6210), and the Makerere School of Public Health Institutional Review Board (IRB00005876).

Written informed consent was obtained from a parent or guardian of each child, and assent was sought from children before enrolment into the study. A questionnaire was administered to parents/guardians to collect information on household socioeconomic characteristics.

Results {#Sec13}
=======

Characteristics of the children under study, and information on their households and schools {#Sec14}
--------------------------------------------------------------------------------------------

Characteristics of 1 141 children who were infected with any STH at baseline and were successfully followed up at 15 months are summarized in Table [1](#Tab1){ref-type="table"}. The majority of infections were due to hookworm or *A. lumbricoides,* and only 1% of children were infected with *T. trichiura*. At baseline, a fifth of the children had a hookworm-*A. lumbricoides* coinfection, while at the 15-month follow-up point, only 4% had this coinfection. All children who were coinfected at 15 months were from the single annual treatment group.Table 1Characteristics of children who were infected with any STH at recruitment and presented at the 15-month follow-up point (*n* =1 141), by treatment groupTreatment groupCharacteristics^a^Annual treatment\
(*N* = 562)Four-monthly treatment\
(*N* = 579)*Characteristics* Sex, male54.8 (308/562)53.4 (309/579) Age, years10.3 (2.5)10.4 (2.5) Thin12.5 (70/562)11.1 (64/579) Stunted27.2 (153/562)27.3 (158/579) Underweight^b^6.12 (18/294)6.25 (19/298) Hemoglobin, g/dL12.3 (1.3)12.3 (1.4) Anemia36.0 (194/539)40.7 (227/558)STH infection Hookworm58.7 (330/562)59.9 (347/579)  *Ascaris lumbricoides*55.7 (313/562)56.7 (328/579)  *Trichuris trichiura*1.6 (9/562)1.2 (7/579) Any STH infection100 (562/562)100 (579/579)STH infection intensity (epg) Hookworm106 (66--185)180 (98--330)  *A. lumbricoides*3 234 (2 539--4 119)2 605 (1 968--3 449)*Household characteristics* Socioeconomic status  Poor64.3 (342/532)64.1 (356/555)  Less poor35.7 (190/532)35.9 (199/555) Water source  Non-improved drinking water6.7 (36/538)3.5 (20/558)  Improved drinking water93.3 (502/538)96.4 (538/558) Floor  Mud95.2 (513/539)94.1 (526/559)  Cemented4.8 (26/539)5.9 (33/559) Pit latrine  No11.3 (61/539)11.6 (65/560)  Yes88.7 (478/539)88.4 (495/560)*School-level characteristics* Baseline school prevalence  Hookworm    \< 33%31.3 (176/562)36.8 (213/579)   34--45%35.6 (200/562)32.5 (188/579)    \> 45%33.1 (186/562)30.7 (178/579)   *A. lumbricoides*   \<27%35.4 (199/562)38.8 (225/579)   28--30%26.2 (147/562)26.9 (156/579)    \> 40%38.4 (216/562)34.2 (198/579) School mean infection intensity  Hookworm   6--3531.3 (176/562)36.8 (213/579)   44--9035.6 (200/56232.5 (188/579)   102--45333.1 (186/562)30.7 (178/579)   *A. lumbricoides*   366--91334.3 (193/562)41.5 (240/579)   914--249729.7 (167/562)29.0 (168/579)    \> 249735.9 (202/562)29.5 (171/579)  Latrine cleanliness   Clean47.8 (269/562)53.4 (309/579)   Dirty26.3 (148/562)26.8 (155/579)   Very dirty25.8 (145/562)19.9 (115/579)  Children per latrine    \< 50:142.9 (241/562)42.0 (243/579)    \> 50:157.1 (321/562)58.0 (336/579)^a^Data are proportions (N/n), unless otherwise stated^b^Provided for children aged 5--10

The mean age of enrolled children at baseline was 10.4 years (standard deviation \[SD\]: 0.05), range 5--15 years. A quarter of the children were classified as stunted and a tenth as thin. In the children's households, WASH characteristics were generally homogenous: 88% had a pit latrine and 95% derived drinking water from a covered source.

In the children's schools, WASH conditions were generally poor. All 23 schools had ordinary pit latrines. Most schools (18/23) had functional pit latrines, but in one school all the pit latrines were in a deplorable state. Whilst five schools had handwashing facilities near the latrine, only four facilities contained water. Two schools reported soap availability, but did not have handwashing facilities near the toilet. Boreholes were the main source of drinking water at the schools (21/23); four schools reported not having access to drinking water for 2--3 months a year.

Reduction of infections after repeated or single treatment {#Sec15}
----------------------------------------------------------

Baseline infection patterns, as well as children's characteristics, were generally comparable between the two treatment groups (see Table [1](#Tab1){ref-type="table"}). Fig. [2](#Fig2){ref-type="fig"} shows the proportions of children infected with hookworm and *A. lumbricoides*, and the mean intensity of infections at baseline and at the 15-month follow-up point. *T. trichiura* infection was rare (1%) and therefore not included further in the analysis.Fig. 2Proportion of infected children and mean intensity of hookworm (**a**, **c**) and *Ascaris lumbricoides* (**b**, **d** (adapted from Kepha et al. 2016) \[[@CR15]\]. Treatment time points are indicated by arrows; the annual treatment group received only the first treatment dose

In the 4-monthly (repeated) treatment group, the proportion of children infected with hookworm decreased from 59.9 to 5.7%, while *A. lumbricoides* infections decreased from 55.7 to 6.2% (see Table [2](#Tab2){ref-type="table"}). Interestingly, the last two anthelmintic treatments had only a slight effect on the prevalence and intensity of the two parasites (see Fig. [2](#Fig2){ref-type="fig"}). In the single treatment group, hookworm infections decreased from 58.7 to 18.3%, and *A. lumbricoides* infections from 67 to 23.3%. Residual hookworm and *A. lumbricoides* infections at the 15-month follow-up point were significantly higher in the single treatment group with an absolute difference of 12.6% (95% *CI*: 8.9--16.3%) for hookworm and 17.1% (95% *CI*: 13.1--21.1%) for *A. lumbricoides*. There were significant reductions in the mean intensity of hookworm and *A. lumbricoides* infections among children in the 4-monthly treatment group, but not in the single treatment group (see Table [2](#Tab2){ref-type="table"}).Table 2Proportions of children infected with hookworm and *Ascaris lumbricoides,* and average intensity of infections at baseline and 15 months after treatment (*n* = 1141), by treatment groupProportion infected, % (95% *CI*)Intensity of infection, epg (95% *CI*)Treatment groupSingleFour-monthlySingleFour-monthlyHookworm Baseline (Feb--Jun 2013)58.7 (50.3--68.5)59.9 (52.5--68.4)111 (67--185)180 (98--330) 15-month follow-up (Sept 2014)18.3 (14.4--23.3)5.7 (4.2--7.7)126 (47--336)7 (3--15) Relative reduction (%)68.890.5Increase: 13.596.1Odds ratio (95% *CI*)0.09 (0.07--0.13)0.02 (0.01--0.04)0.59 (0.31--1.14)0.03 (0.02--0.07)  *P* ^1^\<0.001\<0.0010.116\<0.001*A. lumbricoides* Baseline (Feb--Jun 2013)56.7 (46.7--66.4)55.7 (47.9--66.9)3 234 (2 539--4 119)2 606 (1 968--3 449) 15-month follow-up (Sept 2014)23.3 (17.6--30.8)6.2 (3.7--10.5)2 504 (1 717--3 651)117 (56--244) Relative reduction (%)58.988.722.695.5 Odds ratio (95% *CI*)0.09 (0.06--0.13)0.01 (0.01--0.03)0.64 (0.57--1.10)0.01 (0.01--0.04)  *P* ^1^\<0.001\<0.0010.095\<0.001^1^ *P*-values were obtained using mixed-effect logistic and negative binomial regression analyses with random intercepts for schools

Predisposition to infections {#Sec16}
----------------------------

The analysis demonstrated strong evidence for predisposition to hookworm and *A. lumbricoides* infections in all rounds of observations (all *P*-values \< 0.001) (see Additional file [2](#MOESM2){ref-type="media"}: Table S2). Spearman's rank correlation coefficients between all pairwise comparisons were 0.11--0.31 for hookworm and 0.24--0.57 for *A. lumbricoides*. Kendall's Tau correlation coefficients were slightly lower.

Factors associated with residual infection after four-monthly treatments {#Sec17}
------------------------------------------------------------------------

Results of the unadjusted analysis of factors associated with residual infections are shown in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}. In the adjusted analysis, residual hookworm infection at the 15-month follow-up point was more common among boys and children who were underweight (see Table [3](#Tab3){ref-type="table"}). The association with being underweight also remained when replacing mid-year age by the highest possible exact age, however, it was not observed when assuming the youngest possible exact age (see Table S3).Table 3Unadjusted and adjusted analyses for factors associated with hookworm infection at the 15-month follow-up pointProportion infectedIntensity of infectionVariablesCategoriesOdds ratio (95% *CI*)*P*Adjusted odds ratio^a^ (95% *CI*)Adjusted *P*Epg ratio (95% *CI*)*PChild characteristics* SexMale111Female0.44 (0.20--0.97)0.0340.43 (0.20--0.97)0.0410.18 (0.03--1.00)0.070 Age group5--81119--101.93 (0.64--5.82)2.01 (0.66--6.07)2.95 (0.26--32.67)11--121.59 (0.50--5.01)0.5761.53 (0.48--4.83)0.4051.10 (0.10--12.36)0.53713--152.02 (0.67--6.10)1.88 (0.62--5.72)4.19 (0.37--47.11) AnemiaYes0.56 (0.24--1.30)0.1620.50 (0.21--1.16)0.0951.83 (0.27--12.55)0.628 ThinYes1.81 (0.72--4.58)0.2351.66 (0.65--4.23)0.3185.21 (0.34--78.8)0.152 StuntedYes2.05 (1.00--4.20)0.0501.92 (0.93--3.96)0.0802.76 (0.20--350.5)0.681 UnderweightYes8.46 (2.23--32.01)0.0055.50 (1.65--18.28)0.0062.87 (0.42--19.77)0.258 Baseline infection  Hookworm infectionYes2.02 (1.32--3.09)0.0011.63 (0.74--3.61)0.2250.79 (0.13--4.84)0.804  Hookworm intensity01111--9991.67 (0.75--3.72)0.0870.29 (0.08--1.14)0.1100.75 (0.13--4.48)0.890\> = 1 0006.19 (1.48--28.88)10.85 (0.00--217.17)*Household characteristics* Socioeconomic statusPoor111Less poor0.97 (0.85--1.01)0.6080.97 (0.84--1.10)0.5931.08 (1.13--8.99)0.734 Water sourceNot covered111Covered0.53 (0.12--2.40)0.4450.49 (0.11--2.26)0.3981.41 (0.10--160.42)0.893 FloorMud111Cemented0.97 (0.22--4.31)0.9770.97 (0.22--4.31)0.9700.34 (0.00--42.88)0.700 Pit latrineNo111Yes0.45 (0.19--1.08)0.9560.43 (0.18--1.05)0.0850.39 (0.03--5.73)0.443*School characteristics* Baseline school infection level  Hookworm prevalence\<3311134--450.63 (0.23--1.72)0.6050.58 (0.21--1.61)0.8640.52 (0.06--4.94)0.380\>45%0.96 (0.42--2.17)0.91 (0.40--2.06)1.94 (0.26--14.32)  Hookworm epg6--3511144--901.91 (0.81--4.48)0.2031.77 (0.75--4.18)0.2783.34 (0.43--26.04)102--4530.98 (0.37--2.62)0.97 (0.36--2.59)1.04 (0.12--2.62)0.187  Latrine cleanlinessClean111Dirty0.40 (0.13--1.19)1.77 (0.75--4.18)0.1270.74 (0.10--5.68)Very dirty1.27 (0.56--2.89)0.1100.97 (0.36--2.59)4.32 (0.46--40.81)0.341  Children per latrine\<50:1111\>50:11.06 (0.51--2.18)0.8731.07 (0.52--2.22)0.8480.76 (0.32--1.80)0.528*Environmental characteristics* Elevation1.00 (0.99--1.00)0.3001.00 (0.99--1.00)0.3441 LST0.73 (0.51--1.05)0.1011.09 (0.72--1.65)0.6700.75 (0.29--1.96)0.564 NDVI0.47--0.531110.54--0.570.82 (0.33--2.03)0.4420.89 (0.36--2.21)0.8330.48 (0.06--4.16)0.2890.58--0.671.20 (0.50--2.89)1.15 (0.48--2.78)1.78 (0.20--16.08) Distance from water bodies1.08 (0.46--2.58)0.8541.10 (0.46--2.62)0.8310.60 (0.08--4.44)0.615*Abbreviations*: *NDVI* Normalized difference vegetation index, *LST* Land surface temperatureElevation meters above sea level^a^Adjusted for sex and hookworm baseline infection Table 4Unadjusted and adjusted analyses for factors associated with *A. lumbricoides* infection at the 15-month follow-up pointProportion infectedIntensity of infectionVariableCategoriesOdds ratio (95% *CI*)*P*Adjusted^a^ odds ratio (95% *CI*)Adjusted *P*Epg ratio (95% *CI*)*PChild characteristics* SexMale111Female0.79 (0.39--1.61)0.5100.79 (0.38--1.61)0.5100.65 (0.09--4.93)0.683 Age group5--81119--101.06 (0.43--2.65)1.07 (0.43--2.65)0.53 (0.03--8.27)11--120.66 (0.24--1.84)0.7810.66 (0.24--1.84)0.7520.18 (0.01--3.02)0.65013--150.80 (0.29--2.23)0.80 (0.29--2.24)0.54 (0.03--9.30) AnaemiaYes1.23 (0.59--2.57)0.5721.42 (0.68--2.95)0.3542.85 (0.34--23.52)0.328 ThinYes1.53 (0.58--2.50)0.7031.48 (0.56--3.88)0.4411.33 (0.06--31.92)0.859 StuntedYes1.16 (0.54--1.51)0.9891.13 (0.52--2.42)0.7631.99 (0.21--18.49)0.527 UnderweightYes0.74 (0.09--6.00)0.7660.62 (0.08--4.98)0.6287.51 (0.03--1923.72)0.319 Baseline infection   *A. lumbricoides* infectionYes4.37 (1.62--11.82)0.0013.66 (1.36--9.90)0.0102.36 (0.24--23.45)0.467   *A. lumbricoides* intensity01111--4 9993.77 (1.34--10.61)0.0030.62 (0.28--1.39)0.2592.88 (0.33--25.16)0.617\> = 5 0006.02 (1.96--18.46)12.78 (0.16--49.85)*Household characteristics* Socioeconomic statusPoor111Less poor0.98 (0.86--1.11)0.7360.98 (0.86--1.11)0.7361.08 (0.13--8.99)0.941 Water sourceNot covered111Covered0.61 (0.11--3.12)0.5700.61 (0.11--3.12)0.5701.64 (0.03--905.05)0.883 FloorMud111Cemented0.55 (0.07--4.39)0.5450.55 (0.07--4.39)0.5451.82 (0.03--130.16)0.764 Pit latrineNo111Yes1.75 (0.49--6.25)0.3591.75 (0.49--6.25)0.3592.20 (0.10--50.24)0.656*School characteristics* Baseline school infection level   *A. lumbricoides* prevalence\<27%11128--30%4.02 (1.47--14.55)4.04 (1.08--15.16)4.02 (0.34--47.00)0.630\>40%0.60 (2.62--21.89)0.0190.60 (1.57--19.54)0.0115.61 (0.51--61.74)   *A. lumbricoides* epg366--913111914--2 4972.00 (0.63--6.33)0.0952.00 (0.63--6.33)0.0951.26 (0.11--14.12)0.878\>2 4973.48 (1.17--10.36)3.38 (1.17--10.36)2.27 (0.19--27.90)  Latrine cleanlinessClean111Dirty0.53 (0.20--1.41)0.0490.48 (0.21--1.21)0.0300.17 (0.01--1.88)0.446Very dirty0.18 (0.04--0.86)0.21 (0.05--0.92)0.23 (0.02--3.09)  Children per latrine\<50:1111\>50:10.74 (0.27--2.04)0.5540.74 (0.27--2.04)0.5541.21 (0.16--9.11)0.852*Environmental characteristics* Elevation1.04 (0.99--1.01)0.4021.01 (1.00--1.03)0.0401.00 (0.98--1.03)0.991 LST (^o^C)18.0--19.911120.0--20.70.49 (0.21--1.12)0.3962.16 (0.62--7.55)0.1120.31 (0.03--3.63)0.260200.21 (0.05--0.92)3.08 (0.97--9.80)1.23 (0.08--17.9) NDVI0.47--0.53110.02 (0.00--1.45)0.7610.54--0.571.33 (0.34--5.21)0.9592.22 (0.71--6.92)0.3450.58--0.671.67 (0.43--6.51)1.63 (0.63--4.23) Distance from water bodies0.82 (0.40--1.70)0.5860.84 (0.24--2.99)0.7930.21 (0.00--22.94)0.505*Abbreviations*: *NDVI* Normalized difference vegetation index, *LST* Land surface temperatureElevation meters above sea level^a^Adjusted for sex and *A. lumbricoides* baseline infection, school-level *A. lumbricoides* baseline infection, and latrine cleanliness

Residual *A. lumbricoides* infection was positively associated with baseline individual infection status, baseline school-level infection prevalence, latrine cleanliness, and increasing elevation (see Table [4](#Tab4){ref-type="table"}). No variables were found to be associated with residual infection intensity of any STH. A comparison of associations with residual infections among children in the single annual treatment group is provided in Additional file [2](#MOESM2){ref-type="media"}: Tables S4 and S5.

Discussion {#Sec18}
==========

In line with the WHO strategy for controlling STH infections in endemic countries, the Kenya national school-based deworming program currently provides annual delivery of albendazole to school children \[[@CR19]\]. Consistent with our understanding of the dynamics of transmission and control \[[@CR14]\] and previous studies \[[@CR20]--[@CR22]\], we found that impacts on both prevalence and intensity of infection were significantly higher among children receiving 4-monthly treatments compared to those who received a single annual treatment. However, even after four repeated rounds of deworming in 15-month follow-up period a small proportion of children had residual hookworm and/or *A. lumbricoides* infection. This may reflect the maintenance of transmission among untreated population, especially adult populations or the failure to clear infections after treatment in a proportion of children \[[@CR8], [@CR23]\].

Our analysis also showed that children were highly predisposed to infections of both hookworm and *A. lumbricoides*, so the same children repeatedly acquire higher infection loads. Such correlations between pre- and post-treatment infection intensities are consistent with previous studies \[[@CR24], [@CR25]\], and may be a reflection of the increased exposure to infectious stages of a subgroup of children due to their behaviour or variations in environmental conditions (built and natural), as well as genetic or non-genetic physiological factors leading to higher susceptibility \[[@CR24], [@CR25]\]. Moreover, high baseline infection levels may also contribute to increased contamination of the children's household and school environment \[[@CR13], [@CR26], [@CR27]\]. Pre-treatment infection status was also the only variable associated with residual *A. lumbricoide*s infection after all four doses were administered. Therefore, the underlying mechanisms, which put children repeatedly at a higher risk of *A. lumbricoides* infections and hence reduce a successful treatment outcome, could not be clarified. For hookworm, however, associations with baseline infections were no longer significant after adjusting for sex.

The risk of hookworm infection at 15 months was higher among undernourished children assuming mid-year age or the highest possible exact age. A positive association between hookworm and undernourishment has also been reported by previous longitudinal studies \[[@CR12], [@CR26], [@CR28]\]. This may suggest that wasted children either get reinfected more quickly or struggle to clear infection following treatment. Malnutrition and parasitic infections share a geographic distribution, mostly occurring among the poor, and it is therefore difficult to establish the causal pathway \[[@CR11]\]. It is plausible that a helminth infection leads to malnutrition because physiological responses such as malabsorption or diarrhoea affect the ability of an individual to directly benefit from the nutrients ingested \[[@CR29]\]. Undernutrition has also been demonstrated to impair immunity by depressing Th2 immune effectors and IgE, which may lead to increased risk of helminth infections \[[@CR10]\]. An individual's nutritional status may also directly influence treatment efficacy by, for example, altering drug absorption, metabolism, or uptake by the parasite. Reduced benzimidazole treatment efficacy has been previously described among malnourished individuals in animal models \[[@CR10]\].

Previous studies demonstrate that children with adequate access to improved sanitation at the household and school levels were at a reduced risk of acquiring STH infections, and improved WASH conditions were positively associated with a higher impact of anthelmintic treatment \[[@CR30]--[@CR32]\]. Moreover, handwashing and access to soap was found to be associated with reduced odds for reinfection with STHs \[[@CR31]\]. In this study, reinfection was not associated with any of the tested household WASH factors. This may be explained by the limited variability of access to improved WASH in the study area: overall, 95% of the households had access to an improved water source for drinking and 88% of households had access to a pit latrine, while no households had access to extremely improved latrines or flush toilets. As reported in previous studies, dirty pit latrines appeared to have a protective effect against hookworm infection. It has been suggested that school children should avoid dirty toilets, which may reduce their exposure to hookworm infections \[[@CR18]\].

Our study had some limitations. As the children were originally selected for a clinical trial investigating the impact of deworming on the incidence of malaria, this secondary analysis was not taken into account during the study design and no margins of significant difference in STH infection were specified *a priori*. Presence of hookworm and *A. lumbricoides* was based on a single stool sample, and the technique used, Kato-Katz, has previously been demonstrated to have low diagnostic accuracy, especially when intensity of infection is low \[[@CR33]\]. Therefore, it is possible that post-treatment results underrepresented the actual infection levels and low-intensity infections were missed. Additionally, we did not determine cure rates (clearance of infections after treatment), which makes it impossible to differentiate between reinfection or treatment failure. As we did not collect the exact birth dates of the children, baseline nutritional status was calculated based on age mid-point. Sensitivity analysis demonstrated that associations may change depending on the age assumption (in the extreme case, using the youngest possible exact age for each child). Therefore, although logistically difficult, our study highlights the importance of collecting exact birth dates. Collecting more detailed information at the household level may have been useful, such as the number of people living in a household and behaviours such shoe wearing and comprehensive household WASH. Not wearing shoes and overcrowding within households has been associated with helminth infection.

Conclusions {#Sec19}
===========

Our results show that 4-monthly treatments were more effective than a single annual treatment. Repeated treatments dramatically reduced the intensity of infections, but failed to completely clear hookworm and *A. lumbricoides* infections among school children in Kenya. This suggests that increasing the treatment frequency among school children alone may not be sufficient to interrupt transmission in such a community. Such findings highlight the impact of periodic deworming for reducing the intensity of infections, but in order to reduce transmission in the community, the following should be emphasized: (i) the need for integrating deworming with interventions that help reduce exposure to infections such as access to improved WASH at both school and household levels, and (ii) the value of expanding treatment to the entire community.
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:   Body mass index for age

*CI*

:   Confidence interval
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:   Soil-transmitted helminth

WASH

:   Water, sanitation, and hygiene
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:   Weight for age
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